1. Introduction {#sec1}
===============

Severe sepsis and septic shock remain major cause of deaths in the intensive care units (ICUs) around the globe \[[@B1]\]. Yet, to date, early diagnosis, aggressive antibiotic treatment, and nonspecific therapeutic procedures recommended by the Sepsis Surviving Campaign Guidelines constitute the only evidence-based available treatments \[[@B1]\].

The immune response plays central pathophysiological role in the development and progression of sepsis. In spite of numerous clinical trials with agents modifying the host response during sepsis, almost all have failed to show efficiency \[[@B2]\]. Undoubtedly, the insufficient understanding of the immune response in sepsis as well as lack of the immune status-based stratification prior to various treatments belongs the major reasons of those trial failures. Therefore, establishment of accurate biomarkers of immune response during sepsis is crucial. Since sepsis has been until very recently defined as a host\'s systemic inflammatory response to infection, it is often incorrectly assumed that the immune changes in sepsis are generally unified throughout the entire organism. However, many indications suggest a strong compartmentalization of the host\'s immune responses \[[@B3]\]. For example, Cavaillon\'s group reported varying endotoxin tolerance of macrophage derived from different sites of LPS-treated mice \[[@B4]\]. Consequently, a concept of "compartmentalization" of inflammatory response during sepsis has been proposed \[[@B5]\]. Unfortunately, confirmatory data from human studies are lacking due to obvious investigative limitations. Peripheral blood (PB) is the most commonly used and valuable diagnostic probe in the clinical setting. However, most of the immune reactions in the body occur beyond the PB in sites such as lymph nodes, spleen, and inflamed tissues that are typically beyond reach of standard diagnostics.

A molecule that has gained major attention as an immunosuppression biomarker in sepsis is the human leukocyte antigen-DR (HLA-DR) constitutively expressed by monocytes. Diminished expression of HLA-DR on blood monocytes has been shown to accurately predict septic complications in trauma, surgery, and burns \[[@B6]--[@B8]\]. Low HLA-DR correlated with nosocomial infections after septic shock and in some studies with survival \[[@B9]\]. Monocytes are the key part of the early response to infection and easily migrate from the circulation into inflamed/pathogen-invaded tissues \[[@B10]\]. However, the status of the tissue-located monocytes has never been studied in human sepsis.

CD64 is the only human high-affinity receptor for IgG (Fc*γ*RI) and, under steady-state conditions, it is expressed mainly by monocytes/macrophages \[[@B11]\]. However, during infections, it is also robustly upregulated on the neutrophils \[[@B12]\]. This phenomenon was a base for several studies using the CD64 expression as a marker of bacteremia and sepsis, especially in neonates \[[@B13]\]. Most of the reports have positively verified its utility as a valuable biomarker for distinguishing sepsis from other SIRS-related conditions \[[@B14]\].

Most of the existing human studies examined the HLA-DR and CD64 on cells from the peripheral blood only. During sepsis of various origins, an increased migration of monocytes and neutrophils into the lungs can be observed \[[@B10]\]. While potentially beneficial during pneumonia, this response can be harmful and contribute to the development of sepsis-induced acute lung injury \[[@B15]\].

Given the above, we hypothesized that in patients with septic shock neutrophils and monocytes in the airways and alveoli differ from those present in the circulation. We designed a prospective observational study aiming to (1) compare their expression on cells from peripheral blood and bronchoalveolar lavage fluid (BAL) and (2) evaluate the utility of monitoring CD64 expression on neutrophils and HLA-DR on monocytes as prognostic markers in septic shock patients.

2. Methods {#sec2}
==========

2.1. Patients {#sec2.1}
-------------

This study was performed in two teaching hospital general ICUs (Professor Orlowski Independent Public Clinical Hospital and The Infant Jesus Teaching Hospital in Warsaw). Patients with suspected or proved infection who fulfilled the criteria of septic shock according to the ACCP/SCCM Consensus Conference definitions \[[@B16]\] were enrolled into the study within 24 hours after diagnosis over a period between April 2012 and January 2014. The exclusion criteria included age \<18 or \>85 years, pregnancy, immunosuppressive treatment, innate or acquired immunodeficiency, and disseminated cancer. All consecutive patients were screened for the availability for the study. All patients were receiving treatment according to the Surviving Sepsis Campaign Guidelines 2012 \[[@B17]\]. Routine microbiological, biochemical, and imaging tests were performed and clinical severity scores were calculated. The study was approved by the institute\'s Ethic Board and patients informed consent was achieved in agreement with the rules of the Ethic Committee.

2.2. Sample Collection {#sec2.2}
----------------------

Peripheral blood samples were obtained via arterial catheter. One milliliter of PB was placed into tubes with EDTA anticoagulant. Bronchoalveolar lavage fluid (BALf) was collected with mini-BAL technique (2x 20 mL wash with saline). Probes were analyzed within 3 hours from collection. BALf was treated according to the guidelines of Polish Society of Lung Diseases \[[@B18]\]. Briefly, the fluid was filtered through sterile gauze, centrifuged, and resuspended in PBS. White blood count (WBC) was calculated using Bürker\'s hemocytometer and Türk\'s solution. Due to logistic reasons mini-BAL was collected from 20 patients.

2.3. Flow Cytometry {#sec2.3}
-------------------

Immunocytochemical staining was performed as described \[[@B19]\]. Briefly, 60 *μ*L of PB or BAL resuspended cells was stained with 10 *μ*L of anti-CD64 PE antibody and 5 *μ*L of anti-CD15 FITC antibody or 5 *μ*L of anti-CD14 PerCP and anti-HLA-DR FITC (all BD Biosciences, San Jose, CA, USA) for 25 min in room temperature. Then cells were lysed with BD Pharm Lyse for 10 minutes, centrifuged, washed with PBS, and fixed in 0.5% paraformaldehyde in PBS (Sigma Aldrich, St. Louis, USA). Cells were analyzed using FACS Canto II flow cytometer with FACS Diva software (BD, San Jose, CA, USA). A hundred thousand events were recorded. To standardize the analysis we applied QuantiBRITE Phycoerythrin Beads (BD Biosciences, San Jose, CA, USA). These beads enable reliable quantitation of the antibodies bound per cell (ABC), a value that is standardized and can be easily compared between instruments and laboratories \[[@B20]\]. Beads were used according to the manufacturer\'s protocol. Reconstituted beads were acquired with the same instrument settings as for the cellular analysis. For the analysis of the level of CD64 expression specifically on neutrophils, cells were gated on the morphological SSC/FCS dot blot and then plotted on the CD15 versus CD64 cytogram ([Figure 1](#fig1){ref-type="fig"}). Polygonal gate for neutrophils was drawn on CD15+ and CD64 negative/dim/positive cells. CD64hiCD15neg/low cells were considered monocyte/macrophage.

2.4. Statistical Analyses {#sec2.4}
-------------------------

All data are expressed as median and P~25~--P~75~ percentiles. Comparisons between groups were performed with Mann-Whitney *U* test. The regression equation of geometric mean fluorescence of CD64 was used to calculate the ABCs. CD64 ABCs from PB and BALf from the same patients were compared using Wilcoxon\'s test for paired samples. Fisher\'s exact test was used for comparisons of dichotomous variables. Receiver operating characteristic (ROC) curves were constructed for CD64 expression and areas under curve (AUCs) were calculated to assess the prognostic performance of the test. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated for cut-off values selected following ROC analysis. *p* \< 0.05 was considered significant. Statistica 10.0 and GraphPad Prism 5 software were used for the data analysis and preparing graphs, respectively.

3. Results {#sec3}
==========

3.1. Patient Characteristics {#sec3.1}
----------------------------

Twenty-seven adult patients with septic shock, within 24 hours of its onset, were enrolled into the study; eight patients who fulfilled the entry criteria had to be (randomly) excluded due to the technical lack of possibility to perform FACS analysis. The characteristics of the patients are summarized in [Table 1](#tab1){ref-type="table"}. Median age of the patient\'s population was 61 and the most common causes of septic shock were peritonitis (60%) and pneumonia (33%). The high severity of the septic shock was reflected by the ICU morality rate that reached 60%. BAL was obtained from 20 of these patients. In this group the median age was 57, the group included 12 women (60%), and the mortality was 55%.

3.2. CD64 Expression on Peripheral Blood and Airway Neutrophils from Septic Patients {#sec3.2}
------------------------------------------------------------------------------------

For a better discrimination of granulocytes in the flow cytometric analysis, we set the gate for neutrophils on CD64/CD15 dot plot ([Figure 1(a)](#fig1){ref-type="fig"}). Median frequency of CD15+ granulocytes in the peripheral blood was 70.6%. The median GMF for CD64 on peripheral blood neutrophils was 2 683 (1466--4402; 25--75 percentile). These values were not significantly different for the lung-resident neutrophils, in which CD64 median expression was 3 782 (1 435--6 830) ([Figure 1(b)](#fig1){ref-type="fig"}, *n* = 20; *p* = 0.4648). No differences between circulating and lung-resident neutrophils were apparent when the values for CD64 expression for patients with peritonitis and pneumonia were analyzed separately ([Figure 1(d)](#fig1){ref-type="fig"}).

3.3. HLA-DR Expression on Peripheral Blood and Airway Monocytes from Septic Patients {#sec3.3}
------------------------------------------------------------------------------------

CD14-positive monocytes constituted 3.8% (2.4--5.9) of the white blood count of septic patients. Their median expression of HLA-DR was 342 GMF (252--652) and it was 3.5-fold lower (*p* = 0.01) in comparison to the pulmonary monocytes in which median expression of HLA-DR was 3.5-fold higher (*n* = 20, *p* = 0.0098) ([Table 2](#tab2){ref-type="table"}, [Figure 2](#fig2){ref-type="fig"}). In patients with pneumonia-sepsis, the HLA-DR expression was 2-fold higher on pulmonary monocytes comparing to those in the peripheral blood ([Table 2](#tab2){ref-type="table"}, *p* = 0.1563). Patients with peritonitis had 7-fold higher expression of HLA-DR on pulmonary monocytes in comparison to those in circulation (*p* = 0.068, [Figure 2(d)](#fig2){ref-type="fig"}).

3.4. CD64 Expression on Neutrophils but Not HLA-DR Expression on Monocytes Predicted Mortality in Septic Patients {#sec3.4}
-----------------------------------------------------------------------------------------------------------------

HLA-DR expression on the peripheral blood monocytes did not vary between survivors and nonsurvivors ([Table 1](#tab1){ref-type="table"}). In contrast, the expression of CD64 on the circulating neutrophils was 2.8-fold higher in the patients that died during the hospital stay (*p* = 0.03). Expression of CD64 was also normalized as antibodies bound per cell (ABC) value using the QuantiBRITE system. The median ABC of circulating neutrophils was 28.5 × 10^6^ (11.7 × 10^6^--58.9 × 10^6^). ROC analysis was applied to assess the prognostic performance of neutrophil CD64 ABC to predict mortality. The AUC for CD64 ABC on circulating neutrophils on day 1 (of septic shock diagnosis) was 0.86 (95% CI 0.69--1.04). The cut-off ABC value selected with Youden\'s Index (0.77) was 27 117 912 and it displayed sensitivity of 77% and specificity of 100%. Characteristics of selected cut-off values are presented in [Table 3](#tab3){ref-type="table"}.

4. Discussion {#sec4}
=============

There is an urgent need for identifying biomarkers that would enable proper monitoring of the immune status in septic patients, a prerequisite to successfully guide any immunomodulatory treatment. Numerous cytokines, mediators, cells, and cell-related molecules have been proposed as candidate biomarker \[[@B21]\] but only a handful appears as meaningful.

In this study, we analyzed the expression of activation markers of two types of myeloid cells in the peripheral blood and lungs of septic patients, simultaneously. We also measured the expression of HLA-DR on pulmonary monocytes retrieved by mini-BAL. Even though not ideal, this technique is rapid and safe for analysis of airspace-resident cells \[[@B22], [@B23]\]. SSC/CD14 FACS gating enabled us to distinguish monocytes from alveolar macrophages that do not express CD14 \[[@B24]\]. Interestingly, HLA-DR expression was 3.5-fold higher on pulmonary monocytes compared to those from peripheral blood ([Figure 2](#fig2){ref-type="fig"}). Surprisingly, this difference was most pronounced in the subgroup of patients with septic shock from peritonitis (not pneumonia). This novel observation indicates that the difference in the compartment-specific HLA-DR expression is not simply a result of stronger local activation of monocytes at the site of primary infection, but rather a global effect. Moreover, it strongly implies a dissimilar immune response in sepsis syndromes of different origin previously suggested by our group and others \[[@B19], [@B25]\]. Peritonitis-induced lung trafficking of monocytes has been described in the murine model of intraperitoneal endotoxin injection \[[@B26]\]. Monocytes recruited to inflamed murine lungs expressed highly distinct genes in comparison to the steady-state lung-resident mononuclear phagocytes \[[@B27]\]. Cavaillon\'s group showed that only alveolar cells are resistant to endotoxin tolerance in mouse endotoxemia \[[@B4]\]. They also revealed that lung-resident B cells maintain (via secretion of IL-18 and IFN-*γ*) the endotoxin sensitivity of alveolar macrophages \[[@B28]\]. Limited human data are contradictory; using the same dose of endotoxin, human alveolar cells either did \[[@B29]\] or did not produce TNF alpha \[[@B30]\] upon intratracheal challenge. Direct instillation of endotoxin into the lungs of human volunteers stimulated production of TNF alpha, IL-1*β*, and IL-6 \[[@B31]\]. Conversely, alveolar macrophages from patients with severe pneumonia displayed upregulated transcripts for IL-8, but not TNF and IL-6 \[[@B32]\]. Those observed discrepancies were likely due to the different study setups, for example, nonuniform models, various time of cell collection, and potential endotoxin contamination. Although this study was not designed to compare lung monocytes from healthy controls and septic patients, our results strongly indicate compartment-dependent differences in monocytes from septic patients. As the expression of HLA-DR on monocytes has been shown to correlate with their functional capacities \[[@B33], [@B34]\], we hypothesize that pulmonary monocytes are maintained at higher activation status despite strong suppression of those in the systemic circulation.

When we compared the expression of CD64 on the PB neutrophils with those from BAL fluid, no differences were apparent. This finding sharply contrasts the compartment-related differences of monocyte HLA-DR expression. However, our observation agrees with another study that demonstrated a significant correlation of inflammatory response between*ex vivo* LPS-treated PB neutrophils and alveolar neutrophils upon LPS instillation into the lungs of human volunteers \[[@B35]\]. Despite this report, our results were not obvious. Differences in the patterns of cytokine production by airway and circulating neutrophils were reported \[[@B36], [@B37]\]. Unfortunately, those two studies did not evaluate the phenotype markers of the neutrophils; both assessed patients with chronic inflammatory conditions, which is in contrast to the acutely ill septic patients (on the first day of the diagnosis) in the current study. Therefore, it is possible that the described differences in the neutrophil activity may be attributable to the chronic inflammation.

We have also evaluated the predictive value of the expression of neutrophil CD64 and monocyte HLA-DR in septic patients. In our cohort of patients, day 1 expression of HLA-DR on the peripheral blood monocytes did not differ between survivors and nonsurvivors. This finding in not surprising as the monitoring of HLA-DR was primarily used for the prediction of sepsis development following other clinical preexisting conditions such as surgery, burns, and trauma \[[@B6]--[@B8], [@B38]\]. Similarly, some studies showed poor correlation with prognosis \[[@B9]\], while others indicated that kinetics of the HLA-DR expression over the time can serve as a marker of prognosis \[[@B39], [@B40]\].

In our study, the expression of CD64 on blood neutrophils was 2.8-fold higher in the nonsurviving patients ([Table 1](#tab1){ref-type="table"}). We calculated the CD64 expression as antibodies bound per cell (ABC) in order to enable comparison of our results with future studies on the utility of this marker in septic shock prognosis. Not only was the prognostic performance of neutrophil CD64 in our cohort of patients very good (AUC = 0.86) but also its specificity and positive predictive value were high, potentially enabling a precise identification of patients at the high risk of death. Most of the previous studies on CD64 were focused on the diagnostic use of this marker to distinguish infection and sepsis from other SIRS conditions \[[@B13]\]. The utility of neutrophil CD64 as a prognostic marker in sepsis is unclear. Three studies corroborate our findings by demonstrating correlation between the CD64 expression and sepsis mortality \[[@B41]--[@B43]\]. In contrast, Danikas et al. reported a lack of such relationship \[[@B44]\]. This contradiction might have been influenced by several factors including dissimilar makeup of studied populations or timing of samples collection. Aside from this, discrepancies regarding correlation of the CD64 expression with the functional capacity of the examined neutrophils exist. For example, correlation changes between neutrophil CD64 expression and their phagocytic capacity \[[@B44]\] as well as their respiratory burst activity were shown \[[@B45]\]. Contradictory conclusions were drawn by Hirsh et al. \[[@B46]\]. Although we did not assess the phagocytic activity of neutrophils, our results are in agreement with those suggesting functional impairment due to upregulation of CD64 that in turn leads to impairment of antibacterial properties.

Given the above, we hypothesize that the observed differences between the prognostic performance of monocytic HLA-DR and neutrophilic CD64 in septic patients may be due to the different compartmentalization of these markers. CD64 is expressed on the similar level in the peripheral blood and airway neutrophils, irrespective of the primary infection site. On the contrary, the HLA-DR expression on lung monocytes is much higher in comparison to the circulating monocytes and this difference predominates in the peritonitis patients. Conversely, markers expression which is less compartment-specific is expected to have a better prognostic value. If verified in subsequent studies, our observation poses serious diagnostic and therapeutic implications.

Our study has several limitations. First, we enrolled a homogenous group of severely ill patients with high mortality risk; the performance of prognostic markers can differ in other (e.g., less severe) patient cohorts. Second, the size of the examined group was limited and our findings should be reconfirmed in a bigger population. Last, we assessed only phenotypic markers of the cells but not their functionality. The current results indicate that examination of the functional capacity of PB and BAL cells is necessary to obtain a deeper insight into the aforedescribed relationship.

Summarizing, our study revealed a distinct compartmentalization of commonly studied markers of immune activation in sepsis: CD64 on neutrophils and HLA-DR on monocytes. Monocytic HLA-DR, marker whose expression is highly compartment-dependent, demonstrated a poor prognostic performance. It is suggestive that analysis of blood monocytes does not reflect the status of resident/migrating monocytes in other tissues and may be diagnostically flawed. Conversely, neutrophil CD64, whose expression was similar in the circulating and lung-resident cells, showed a good prognostic accuracy when measured in the blood. It can be, therefore, assumed that CD64 expression on the circulating cells reflects their systemic status. Overall, we suggest that assessment of immune markers which are highly compartmentalized in septic shock may be misleading in prognosis-making and/or guidance of a immunomodulatory treatment.
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![Expression of the CD64 on neutrophils from septic shock patients. Gating of the CD15+ granulocytes on the CD15 versus CD64 dot plot in peripheral blood (a) and BALf (c). Expression of CD64 on the gated CD15+ neutrophils from peripheral blood (b) and BALf (d). Comparison of the geometric median fluorescence of the CD64 on CD15+CD64med neutrophils from peripheral blood (PB) and bronchoalveolar lavage (BAL) from septic shock patients (e). Comparison between BAL and PB monocytes in patients with pneumonia and peritonitis (*n* = 20) (f).](MI2016-3074902.001){#fig1}

![Expression of HLA-DR on monocytes from septic shock patients. GMF geometric median fluorescence. (a) Gating of the CD14+ monocytes on the side scatter characteristic (SSC) versus CD14 dot plot. (b) Expression of HLA-DR on the gated CD14+ monocytes. (c) Comparison of the geometric median fluorescence of the HLA-DR on CD14+ monocytes from peripheral blood (PB) and bronchoalveolar lavage (BAL) from septic patients. (d) Comparison between BAL and PB monocytes in patients with pneumonia and peritonitis (*n* = 20). ^*∗*^ *p* \< 0.05; ^*∗∗*^ *p* \< 0.01.](MI2016-3074902.002){#fig2}

###### 

Clinical characterization of the studied group.

  Characteristics             Survivors (*n* = 11)   Nonsurvivors (*n* = 16)   *p*
  --------------------------- ---------------------- ------------------------- ------------
  Age                         66 (41--75)            55 (52--83)               0.7586
  Female (*n*)                5                      10                        0.3811
  SOFA                        5 (4--10)              12 (8--12)                **0.0022**
  Source of infection (*n*)                                                     
    *Peritonitis*             7                      9                          
    *Pneumonia*               2                      7                          
    *Other*                   2                      0                          
  Mini-BAL samples (*n*)      9                      11                         
  PB CD64 GMF                 1 208 (864--1 743)     3 428 (1 772--4 369)      **0.0313**
  PB HLA-DR GMF               347 (251--473)         342 (243--692)            1.0000

Results are presented as median and P~25~--P~74~ percentiles.

###### 

Expression of myeloid markers on circulating and pulmonary monocytes and neutrophils (*n* = 20).

  Parameter         Peripheral blood       Lung                   *p*
  ----------------- ---------------------- ---------------------- ------------
  CD64 GMF          2 683 (1466--4402)     3 782 (1 435--6 830)   0.4648
    *Pneumonia*     2 055 (1 209--2 818)   6 830 (793--9 831)     0.1875
    *Peritonitis*   4 192 (982--4386)      2 447 (1 579--5 287)   0.1250
  HLA-DR GMF        342 (252--652)         1144 (889--1789)       **0.0098**
    *Pneumonia*     484 (288--746)         953 (743--1309)        **0.0138**
    *Peritonitis*   298 (216--579)         1858 (1221--3272)      0.0678

GMF: geometric mean fluorescence; PB: peripheral blood.

###### 

Prognostic performance for selected values of ABC of CD64 on circulating neutrophil on day 1 of the diagnosis of septic shock.

  CD64 D1 (ABC)   Sensitivity (%)   Specificity (%)   PPV (%)   NPV (%)
  --------------- ----------------- ----------------- --------- ---------
  27 117 912      77                100               100       67
  17 011 428      77                83                91        63
  14 570 676      77                80                91        57

ABC: antibodies bound per cell; NPV: negative predictive value; PPV: positive predictive value.
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